During the chronic phase of spinal cord injury, serum dopamine-/3-hydroxylase activity, arterial blood pressure, and blood flow in the fourth finger, the hallux, and the calf were measured in nine quadriplegic subjects before, during, and after expansion of the urinary bladder. In addition, in five chronic quadriplegic subjects, serum dopamine-0-hydroxylase activity, urinary catecholamine metabolites, and arterial blood pressure were measured before and during spontaneous hypertensive episodes. There was a significant correlation between the different stages of hypertension, the serum dopamine-y3-hydroxylase activity, and the concentration of urinary catecholamine metabolites. The highest levels were found at the height of intracystic pressure when the arterial blood pressure was at its maximum but the pulse rate had dropped to its lowest level. At the same time the blood flow in the upper and lower extremities and the calf musculature was below detection limits, and peripheral vascular resistance was markedly enhanced. Serum dopamine-/3-hydroxylase and arterial blood pressure levels correlated directly with urinary concentrations of normetanephrine but not with those of metanephrine. The data provide evidence for an in vivo simultaneous, proportional release of dopamine-/3-hydroxylase and norepinephrine, suggesting release by exocytosis. The data further show that dopamine can also be released together with norepinephrine and dopamine-/3-hydroxylase as evidenced by increased urinary concentrations of its major catabolite, homovanillic acid, during hypertensive stress. The hypertensive response in quadriplegic subjects during routine test of bladder function renders these subjects ideal models for self-controlled studies of neurogenic hypertension and its biochemical parameters. The results indicate that hypertension in quadriplegia, whether spontaneous or induced, is caused by increased release of norepinephrine and that the half-life of dopamine-/3hydroxylase released during stress is shorter than that previously reported.
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arterial blood pressure spinal cord injury man dopaminc norepinephrine exocytosis homovanillic acid 4-hydroxy-3-methoxyphenylethylenc glycol aulonomic hyperreflexia blood flow • Autonomic hyperreflexia, characterized by paroxysmal hypertension, has been well documented ever since Head and Riddoch (1) first described the symptoms in quadriplegia. Patients with high level spinal cord injury, above the sympathetic outflow at the level of thoracic six dermatome (T6), very often develop spontaneous hypertensive crises due to any one of several noxious stimuli (2) . These stimuli usually arise from the urinary bladder because of cystitis or kidney stone formation or from the rectum because of rectal impaction. Since the quadriplegic patients are usually hypotensive, the high pressures that develop represent pressure changes of a magnitude that can cause cerebrovascular accident and death of the subject.
Considerable evidence (3-7) has implicated norepinephrine-containing nerves in certain forms of hypertension and suggested that elevated levels of plasma and urinary catecholamines and serum dopamine-/3-hydroxylase activity reflect increased activity of the sympathetic nervous system. Furthermore, it has been inferred (7) that measurement of serum dopamine-0-hydroxylase activity may Synthesis of norepinephrine is catalyzed by the enzyme dopamine-/3-hydroxylase (E.C.I.14.2.1) from the precursor 3,4-dihydroxyphenylethylamine (dopamine) (8) . Dopamine-0-hydroxylase has been found in the catecholamine-containing granules in the heart (9) and in the synaptosomes of the brain (10) and the splenic nerves (11) . It is also present in cell bodies and nerve terminals (12) and localized in chromaffin granules of the adrenal medulla (13) . The enzyme is found in the serum of a variety of mammalian species (14) . Analysis of dopamine-/3-hydroxylase has provided evidence for the simultaneous release of the neurotransmitter norepinephrine and dopamine-/3-hydroxylase from sympathetic nerve endings by the process of exocytosis (15) (16) (17) (18) . Kvetnansky and Mikulaj (19) have shown that immobilization stress produces an increased release of catecholamines in the rat. Weinshilboum et al. (20) have also demonstrated an enhancement of serum dopamine-/3-hydroxylase activity under the same stress conditions. Wooten and Cardon (21) have found an elevation in serum dopamine-/3-hydroxylase activity during cold pressor test and exercise in man.
We have previously reported a rise in the excretion of catecholamine metabolites in chronic quadriplegic subjects (22, 23) . These levels are further enhanced during spontaneous hypertensive episodes (24, 25) . Tyrosine hydroxylase activity is also elevated in the rat brain, brainstem, and adrenal glands after transection of the spinal cord (26) . Therefore, as an index of sympathetic activity, we decided to examine changes in serum dopamine-/3-hydroxylase activity in quadriplegic subjects with cervical spinal cord injury. The present paper describes an enhancement in serum dopamine-/3-hydroxyIase activity and in excretion of catecholamine metabolites in quadriplegic humans that correlates directly with arterial blood pressure during spontaneous hypertensive episodes or during hypertension resulting from distention of the urinary bladder.
Methods
Excretory cystometry is a procedure performed routinely on quadriplegic subjects to measure the vesicular pressure produced by a given volume of Circulation Henrurxrh. Vol. .t't, Urrrntbrr 1U7I, urine and thereby to determine whether a urinary bladder is hypertonic, normotonic, or hypotonic and whether the distention of the urinary bladder produces reflex contractions.
A group of nine quadriplegic subjects were selfcompared during routine excretory cystometry before and after expansion of the urinary bladder by water intake. (Informed consent was obtained from all subjects with approval from the Human Studies Committee.) All of the subjects had complete physiological transections at the cervical fifth to seventh dermatomes (C5-7) during the chronic phase (at least 6 months after onset of injury). Subjects that showed signs and symptoms of renal or cardiovascular involvement were eliminated from the study.
Intracystic pressure was measured using a cystometric apparatus attached to an intraurethral catheter or an intraurethral catheter attached to a mercury-in-rubber Whitney gauge and a Honeywell recorder. Digital blood flow in the fourth finger and the great toe were measured ealorimetrically (23) . In four C5-7 subjects, blood flow in the thumb, the hallux, and the calf was simultaneously monitored before, during, and after hypertensive episodes by venous occlusion plethysmography with a Whitney mercury-in-rubber strain gauge attached to a Honeywell recorder. Brachial blood pressure was determined by the ausciiltatory technique, and digital blood pressure was determined with a Gartner capsule using the flush-throb method (23) . Mean arterial and digital blood pressures were measured by adding onethird of the pulse pressure to the diastolic pressure, i.e., l/3(systolic -diastolic) + diastolic. Effective mean digital blood pressure was derived by subtracting a calculated venous pressure correction from the mean digital blood pressure (23) . Digital vascular resistance was calculated from the ratio of the effective mean digital pressure and the digital blood flow.
Control blood samples were drawn after the subject had been recumbent for 30 minutes and his bladder had been emptied and was free from all autonomic symptoms. The test samples during routine cystometric studies were not obtained at constant time intervals, since the time required for the rise in intracystic pressure varies in different individuals and depends on the type of bladder. The time relationship between dopamine-0hydroxylase data reported in the figures is clear. A comparison between Figures 1-4 shows the variations in time and in the nature of the response between different subjects. The "moderate" samples were taken as soon as a 30-40 mm Hg increase in systolic blood pressure was noted. The last or "peak" samples were withdrawn from the catheter when the subject felt discomfort, and the test was terminated ( Table 1) .
Serum dopamine-0-hydroxylase activity was analyzed before and during spontaneous hypertensive crises and when the subject's blood pressure was at resting control levels, i.e., when the urinary bladder was empty and no adverse autonomic signs were present. Serum dopamine-^-hy-NAFTCHI, WOOTEN, LOWMAN, AXELROO droxylase activity was determined by a modification (27) of the sensitive isotopic method of Molinoff et al. (21) . This technique utilizes the conversion of phenylethylamine by dopamine-/3-hydroxylase to phenylethanolamine. The latter is converted to 14 C-labeled A'-methyl-phenylethanolamine by purified bovine adrenal phenylethanolamine-A'-methyltransferase in the presence of the active methyl donor s-adenosyl-methionine methyl-I4 C. Serum dopamine-0-hydroxylase units are given in nmoles phenylethanolamine/ml serum hour '. The standard error of the mean for a repetitive analysis of dopamine-0-hydroxylase activity in a given blood sample was 1.8 nmoles/ml hour ' (ten assays).
Control urine specimens were withdrawn directly from the urinary bag attached to a urethral catheter. The urinary bag was immediately emptied, and the urine that had collected in the bag during hypertensive episodes was used as the crisis sample. Urine specimens were only obtained from the subjects who underwent spontaneous crises; thus, the control values could have been somewhat higher than they should have been, since a spontaneous crisis cannot be predicted before its occurrence. This possibility was also reflected in higher than usual control values of arterial blood pressure. The specimens were acidified with a few drops of concentrated HC1 and the creatinine concentration was determined by the method of Jaffe (28) . Urinary metabolites of catecholamines, 4-hydroxy-3-methoxymandelic acid (vanilmandelic acid) and 4-hydroxy-3-methoxyphenylacetic acid (homovanillic acid) were analyzed by bidimensional paper chromatography (29) . Urinary 4-hydroxy-3-methoxyphenylethylene glycol was analyzed by gas-liquid chromatography (30) . The urine samples were incubated overnight with 0.1-0.2 ml of glusulase, a mixture of aryl sulfatase and /3-glucuronidase, derived from the digestive juices of Helix pomatia (Endo Corporation) at pH 5.2 and 37°C to hydrolyze conjugated 4-hydroxy-3-methoxyphenylethylene glycol. The free 4-hydroxy-3-methoxyphenylethylene glycol was then extracted with ethyl acetate at pH 6. By a modification of the latter method, a derivative of the extracted 4-hydroxy-3-methoxyphenylethylene glycol was made by reacting 4-hydroxy-3methoxyphenylethylene glycol with trifluoroacetic anhydride. After drying with nitrogen gas, the 4-hydroxy-3-methoxyphenylethylene glycoltrifluoroacetate derivative was brought into solution by the addition of redistilled ethyl acetate and chromatographed on a 3% OV-17 coiled steel column (6 ft x 4 mm, o.d.) at 125°C. Nitrogen was used as the carrier gas; the flow rate of the nitrogen was regulated at 60 ml/min, and an electron capture detector was used for the detection of the 4-hydroxy-3-methoxyphenylethylene glycol-trifluoroacetate derivative in a model 1400 varian gas-liquid chromatograph.
Urinary free metanephrine (3-O-methylepinephrine) and normetanephrine (3-O-methylnorepinephrine) were also analyzed, a urine sample was subjected to acid hydrolysis for 20 minutes in a boiling water bath, adsorbed on Amberlite CG-50 at pH 6.0-6.5, and eluted with ammonium hydroxide. Separation of metanephrine and normetanephrine was achieved by the modification (31) of the Taniguchi and Armstrong technique (32) .
Results
Self-compared brachial blood pressure changes and changes in serum dopamine-/?hydroxylase activity in nine quadriplegic subjects before and during hypertension precipitated by excretory cystometry are shown 
in Table 1 . After bladder distention, the brachial blood pressure and dopamine-/3-hydroxylase activity were higher in all nine subjects examined. During spontaneous hypertensive crises, autonomic hyperreflexia, serum dopamine-/3-hydroxylase activity, and excretion of metabolites of dopamine, norepinephrine, and epinephrine were elevated in five C5-7 quadriplegic subjects ( Table 2) . For one C5-6 quadriplegic subject who developed hypertensive episodes on five separate occasions, serum dopamine-/3-hydroxylase activity and catecholamine metabolite excretion are listed in Table 3 in the order of severity of the crises and are compared with the control values. There was an increase in catecholamine excretion and in all but one serum dopamine-/3-hydroxylase; the increases in both serum dopamine-/3-hydroxylase and urinary catecholamines were proportional to the severity of the crisis. The increase in dopamine-/3-hydroxylase activity during spontaneous or induced hypertension correlated directly with elevated levels of normetanephrine, a metabolite of norepinephrine, but not with those of metanephrine, a metabolite of epinephrine ( Table 4 ). The ratio of normetanephrine to metanephrine increased from 4.49 to 11.1 during hypertension. Figure 1 illustrates the effect of gradual bladder filling and thereby stretching of the vesicular wall in one C7 quadriplegic subject; the filling was accompanied by a progressive rise in brachial blood pressure and serum dopamine-/3-hydroxylase activity. These changes were inversely proportional to pulse rate and blood flow in the fourth finger; blood flow dropped to immeasurable amounts at the height of intracystic pressure. Similar results were obtained in one C6-7 quadriplegic subject (Fig. 2) ; the blood flow in the great toe significantly decreased from a control value of approximately 0.10 ml/cm 2 min ' to 0.02 ml/cm 2 min ' at the height of intracystic and brachial blood pressures. The high level of dopamine-/3-hydroxylase activity dropped to the control level or below the control level after the urinary bladder was emptied. In another C7 subject (Fig. 3) , the base-line level of serum dopamine-/3-hydroxylase was low and did not change appreciably at the height of dysreflexia or bladder emptying. By contrast, in the C5-7 quadriplegic subject (Fig. 2) , whose base-line level Similar to findings in other subjects, in a C5-6 quadriplegic subject (Fig. 4) , the gradual increase in intracystic pressure was ac- •Crisis are listed in order of severity. companied by a proportional rise in arterial blood pressure and serum dopamine-)3-hydroxylase activity. There was a concomitant decrease in the pulse rate and the blood flow of the calf, the thumb, and the great toe. In three other C5-6 quadriplegic subjects, the distention of the urinary bladder by water intake was accompanied by the same autonomic and hemodynamic changes (Fig. 4) . In all subjects the finger was more sensitive in response than were the hallux and the calf.
CATECHOLAMINES AND HEMODYNAMICS IN QUADRIPLEQIA
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Relationship Between Serum Dopamine-{3-Hydroxylase Activity and Excretion of Metanephrine and A'ormetanephrine in Five C5-7 Quadriplegic Subjects
The changes in digital blood flow, digital blood pressure, and digital vascular resistance consequent to the expansion of the vesicular wall in a C5-6 quadriplegic subject are illustrated in Figure 5 . In this subject the digital vascular resistance increased markedly at pressures greater than 105 mm Hg; when the effective mean digital blood pres-
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sure reached 115 mm Hg, the digital vascular resistance rose sharply and became almost asymptotic.
The increase in serum dopamine-/3-hydroxylase activity during hypertension in some subjects exceeded 150% of control values (Tables 1, 2, and 4 ).
Discussion
During the past decade a great deal of evidence has accumulated to implicate dysfunction in norepinephrine storage, release, and metabolism in certain forms of hypertension At the height ofautoiiomic dysfunction in a C<i-7 quadriplegic subject, the blood flow in the great toe fell an did fourth finger blood flow in Figure 1 . Serum dopamine-fi-hydroxylase activity enhanced 9% during the hypertension but dropped 18% <r> minutes) and 28% (8 minutes) after the bladder ?<•«« emptied. Abbreviations and measurement of hemodynamics are the same as those in Figure 1, except ing catecholamines are greatly increased in subjects with phaeochromocytoma, plasma dopamine-/3-hydroxylase is not significantly elevated. By contrast, they found a correlation between dopamine-/3-hydroxylase and plasma catecholamines in essential hypertension (35) . These findings agree with those of Weinshilboum et al. (20) who found that adrenalectomy in the rat does not alter the base-line levels of serum dopamine-y3-hydroxylase and, therefore, the activity of serum dopamine-/3-hydroxylase represents the amounts released from sympathetic nerve endings. These results (35) also agree with our finding of a direct correlation of arterial blood pressure with serum dopamine-/3-hydroxylase activity and concentrations of urinary normetanephrine but not with levels of urinary metanephrine. Normetanephrine is the immediate 3-0-methylated catabolite of norepinephrine, and metanephrine is the comparable metabolite of epinephrine synthesized only in the adrenal medulla. Since there was no appreciable change in metanephrine during hypertension (Table 4) , the release of epinephrine from adrenal glands did not contribute to the hypertension in quadriplegia and, in the subjects examined in the present study, the hypertensive stress was not sympathoadrenal but rather it was purely sympathetic and due to norepinephrine release. A physiological corollary of these findings is the occurrence of bradycardia at the height of hypertension, an effect generally seen after norepinephrine infusion; the administration of epinephrine causes tachycardia.
During autonomic dysreflexia induced by infusion of saline into the urinary bladder, Gamier and Girtsch (36) have reported increased excretion of urinary norepinephrine in some quadriplegic subjects they have studied. They did not, however, find an appreciable change in the urinary concentration of epinephrine and vanilmandelic acid. Sizemore and Winternitz (37) found no change in catecholamine and vanilmandelic acid concentrations in 24-hour urine specimens from two quadriplegic subjects, although they succeeded in suppressing all adverse autonomic symptoms by treatment with the a-receptor blocker, phenoxybenzamine.
Our studies in quadriplegia clearly demon- strate that during spontaneous or induced hypertension there is a definite, direct correlation between serum dopamine-y3-hydroxylase activity, concentration of urinary normetanephrine, and levels of arterial blood pressure. These findings are consistent with the concept that there is a proportional release of the neurotransmitter norepinephrine together with dopamine-/3-hydroxylase from the sympathetic nervous system of man, possibly by the process of exocytosis. The process of exocytosis involves a fusion of the norepinephrine storage vesicle with the neuronal membrane. Nerve depolarization is followed by an opening of the cell membrane whereupon norepinephrine and all the soluble vesicular contents are extruded into the postjunctional cleft; one such vesicle-specific soluble protein is dopamine-/3-hydroxylase. This process has already been demonstrated ("imdntinu firHrtnrh, Vol. .!•'>. Drrrmbrr l'.ITJt in other mammalian species (15) (16) (17) (18) . Since the concentration of urinary homovanillic acid, the major catabolite of dopamine, is sharply elevated during hypertensive episodes, the results suggest that dopamine, which serves as a substrate for the biosynthesis of norepinephrine, is also released concomitantly with norepinephrine and dopamine-/3-hydroxylase during sympathetic nerve stimulation. The rapid fall in serum dopamine-/3-hydroxylase activity after hypertensive episodes (Figs. 2 and 3) suggests that the half-life for circulating dopamine-0hydroxylase released during stress is shorter than that previously reported (38, 39) .
In quadriplegia there were large individual variations in serum dopamine-/3-hydroxylase activity as previously described by Weinshilboum and Axelrod (27) and Freedman et al. (40) for normal subjects. The ease 858 NAFTCHI, WOOTEN, LOWMAN, AXELROD FIGURE 4 In this Co-li quadriplegic subject, the blood flow in the thumb, the great toe, and the calf and the intracyxtic prexxure were simultaneously monitored by a Whitney mercury-in-rubber strain gauge attached to a Honeywell recorder. The arterial blood pressure response followed the sudden spikes of intracystic pressures by .}-(! seconds. As the intravesicular pressure rose there was a simultaneous increase in arterial blood pressure and serum dopaniine-fi-hydroxylase activity. First there wax an increase and then a compensatory fall in the i>ulse rate as the peak pressures were sustained. At this time a conconi-ita>it and severe vasoconstriction in the upi>er and lower extremities and the calf musculature occurred. This state of marked autonomic dysfunction wax accompanied by flushing, profuse diaphoresis, piloerection, severe headache, and chest pain, which were relieved soon after the bladder was emptied. Abbreviations are the same as those i>i Figure J , except that CBF = calf blood flow.
with which a hypertensive response is brought about in these subjects during routine test of their bladder function makes a self-controlled study of hypertension very facile and provides the unique advantage of studying the changes in sympathetic activity and biochemical parameters under conditions that are not readily available in other models of hypertension.
An intense vasoconstriction in the upper and lower extremities of all nine subjects accompanied by a simultaneous decrease in the blood flow of the calf musculature was observed during the expansion of the urinary bladder. This generalized vasoconstriction below the level of the lesion correlated with elevated levels of arterial blood pres-sure, enhanced serum dopamine-0-hydroxylase levels, and increased excretion of catecholamine metabolites, notably normetanephrine. Roussan et al. (41) showed that blood flow in the calf of one quadriplegic subject was decreased during autonomic hyperreflexia. They speculated that consequent to the expansion of the urinary bladder there was a gradual facilitation of the spinal cord which served as a primary cause for the reduced circulation in the calf musculature. They also suggested that the cause of or the increase in hypertension was the result of sudden shifts of large blood volumes from skeletal muscle circulation to the capacitance vessels. Our findings of marked vasoconstriction in the upper and lower extremities and the calf musculature indicate that the blood shift into the capacitance vessels at the height of hypertension must be of enormous magnitude; it may act as positive feedback causing compensatory vasodilation, profuse flushing, and diaphoresis in the head and neck and, ultimately, chest pain and headache. Due to the lack of data on venous blood volume and compliance of these vessels, however, this line of reasoning remains speculative.
Dahlstrom and Fuxe (42), using the histochemical fluorescence technique, have demonstrated in the rat that soon after a transection of the spinal cord, norepinephrine and 5-hydroxytryptamine accumulate above the level of the lesion, not only in the descending fibers but also in certain norepinephrine and 5-hydroxytryptamine terminals of the sympathetic lateral column and the ventral horn. Furthermore, the increase in fluorescence intensity is accompanied by swollen varicosities. It has been shown (26, (42) (43) (44) ) that norepinephrine and 5-hydroxytryptamine disappear from the cord below the level of transection and accumulate rostrally. Their disappearance suggests that one of these biogenic amines may be an inhibitory neurotransmitter within the spinal cord, since both norepinephrine and 5hydroxytryptamine depress anterior horn cells and Renshaw cells (45, 46). The loss of the inhibitory neurotransmitter(s) after spinal cord injury may cause permanent facilitation of the cord below the level of the lesion. In subjects with injuries to the cervical spinal cord, this absence or curtailment of inhibition within the greater segment of Digital blond flow-blood pressure relationships jor a C5-6 quadriplegic subject. The urinary bladder wax dixtended by water intake. The iueivaxe in iutirtrexiciilar prexxure wax accoiii/xtuii'd by elerationx in aiiei'ial and digital bl<Mid /jrexxinvx and mix commetixitrute frith a precipitoux Jail in digital blood How dining liypeiieuxion. At digital prexxttn'x greater than 10.) mm Hg, the digital raxcular ivxixtanee iucivaxed m/tidly and Iwi-ame axjjmi)totic allure lit) mm Hg.
the cord (thoracolumbar and sacral) coupled with the lack of control from higher centers could be the primary reason why noxious stimuli easily produce extreme autonomic responses. For example, stimuli arising from the mucosa and the muscle coats of the stretched vesicular wall reach the spinal cord via presacral and pelvic nerves. Unimpeded by suprasegmental inhibitory influences or by an inhibitory neurotransmitter within the cord, these impulses travel rostrally by way of lateral spinothalamic tracts to the level of transection and reflexly stimulate the intact sympathetic chain. This process results in arteriolar vasoconstriction in the skin vessels and the splanchnic bed in direct proportion to the amount of norepinephrine released. The peak of the vasoconstriction below the level of the lesion coincides with the peak of intracystic pressure at which time the increased release of norepinephrine has caused the highest rise in arterial blood pressure and maximal peripheral resistance (Fig. 5 ). The hypertension sensed by the receptors in the carotid sinus, the aortic arch, and the sinoatrial node is transferred via the ninth and tenth cranial nerves to the vasomotor center in the medulla; efferent impulses via the vagus then cause bradycardia. The afferent discharges from the baroreceptors to the vasomotor center cause vasodilation in the face and the neck, pulsating temporal arteries, a histaminelike flush, profuse diaphoresis, and headache in contrast to the pallor, chest pain, extreme vasoconstriction, and piloerection below the level of transection. However without the removal of the stimulus or the administration of ganglioplegic or sympatholytic drugs, these remaining regulatory mechanisms cannot appreciably lower the blood pressure.
